ABSTRACT. This study was designed to evaluate the relationship between fetal macrosomia and postnatal growth as well as the glucose homeostasis in young female rats. We produced fetal macrosomia by fetal insulin injection at 20% days of gestation. The control subjects were injected with saline. The weights were recorded weekly from birth up to 12 wk. Only the female rats were studied. At 4, 6, 10, and 12 wk of age, oral glucose tolerance tests were performed. Also, at wk 6, 10, and 12, peri-renalovarian-salpingeal fat weights, the RNA, DNA, and protein contents of the abdominal muscle were determined. Onehundred seventeen control and 78 macrosomic rats were studied. The macrosomic rats showed a higher body weight (10-12%) than the control rats from birth up to 8 wk, but at 10 and 12 wk their weights were similar. The fat weights reflected the body weights, i.e. a higher fat weight in the macrosomic rats during the period of accelerated growth (from birth up to 8 wk), and a similar fat weight when the body weight of the two groups were similar at 10 and 12 wk. At 4 and 6 wk of age, the plasma glucose level measured in response to the oral glucose loading were similar in both groups. However, at 10 and 12 wk of age, the macrosomic rats had significantly higher fasting plasma glucose levels and exhibited consistently higher plasma glucose levels for the 3.5-h period of postglucose administration compared to the control rats. The plasma insulin levels rose significantly following glucose challenge. However, the values were similar in both groups at 10 and 12 wk. We conclude that the primary hyperinsulinemiainduced fetal macrosomia is associated with an increased fat deposition resulting in an increased weight gain during young adulthood. The increased fat deposition may manifest peripheral insulin resistance exhibiting the glucose intolerance at a later age. The mechanism involved in this development remains to be investigated. (Pediatr Res 21: 8347,1987) Abbreviations IDM, infants of diabetic mothers ANOVA, analysis of variance Macrosomia is a frequently observed complication in IDM, particularly if the medical management of diabetes during preg-
nancy is inappropriate (1, 2). It has been speculated that the accelerated fetal growth is due to a combination of fetal hyperinsulinemia and an abundance of nutrients of growth (3, 4) . Neonatal macrosomia, in turn, is associated with an increase risk for birth injury because of difficulty in delivering the large infant (5) . Furthermore, Vohr et al. (6) and Pettitt et al. (7) have observed that IDM who are macrosomic at birth have a predisposition to obesity during adolescence. Obesity is a well-known predisposing factor for the development of adult onset diabetes; it becomes a relevant question in regard to the potential effect of obesity in the development of adult onset diabetes in these subjects. An important public health concern is the prevention of obesity in these subjects to minimize the incidence of adult onset diabetes. A relevant approach in prevention is to understand the pathophysiology in the development of obesity. This investigation is difficult to do in human subjects because of the need for long term follow-up, invasiveness in study design, and difficulty in controlling multiple variables that may influence growth. Therefore, there is a need for an animal model that simulates a nongenetically related obesity in order to study the interrelationship between fetal metabolic milieu, fetal growth, postnatal nutrition, development of obesity, and glucose homeostasis.
Catlin et al. (8) have shown that fetal hyperinsulinemia induces accelerated fetal growth and the latter is associated with persistence of accelerated growth during the first 2 wk of life in rats. It is not certain whether this growth acceleration persists beyond this period of time or not. The purpose of this study is to: 1) extend the study of Catlin et al. (8) to ascertain the persistence of growth acceleration in young female rats, 2) examine the changes in muscle cell composition in these experimental subjects, and 3) demonstrate the relationship between accelerated growth and abnormal glucose homeostasis.
MATERIALS AND METHODS
Catlin's modification (8) of Angervall's modified version (9) of Picon's original procedure (10) was used to produce fetal hyperinsulinemia. Time-dated pregnant Sprague-Dawley rats between 1 I and 15 days of gestation (sperm positive day is considered as day 1) were purchased from Taconic Farms (Germantown, NY). The rats were housed individually in woodchip bedded plastic cages, kept in an air-conditioned room (23-25" C), with light-dark cycles of 12-h each, and allowed free access to a stock diet and water. On day 18 of gestation, 20% dextrose solution was substituted for water as the sole drinking water. This substitution of dextrose solution obviated fatal maternal hypoglycemia after fetal insulin injections (I I). Five mg of progesterone were injected intramuscularly daily on days 19 through 21 to prolong the pregnancy to 22.5 days. On 20.5 day of gestation, laprotomy incision was made under light ether anesthesia. The uterus was exposed and the fetuses numbered and recorded in the laboratory log book from the left ovary proceeding caudally. Alternate fetuses were injected with either 2 U (50 pl) of protamine zinc insulin (designated as experimental animals) under the dorsal skin or an equal volume of normal saline (designated as control animals).
On day 22.5 of gestation, the rat pups were delivered by cesarean section. Pups were washed, weighed, tagged, and transferred to foster mothers. Average pup number per nursing dam was kept between six to eight to maintain a constant postnatal nutritional intake. We found in our previous experiments that the number of pups per litter of nursing mother may significantly influence the postnatal nutrition and growth (12) . Maintaining a constant number of litter size in the study groups will eliminate this factor as a confounding variable. In preliminary experiment a l~ we also found the biological mothers, following cesarean section, cannibalized their pups. Therefore, we used foster mothers, who had natural delivery of their own pups 1-2 days before, to nurse the experimental pups. We classified pups into two groups depending on the body weight at cesarean section: 1) control group: these are saline-injected pups, 2) macrosomic group: these are insulin-injected pups whose body weights were more than 1.7 SD of the control group. The insulin-injected pups whose birth weights were less than 1.7 SD of the control groups were excluded. The sexes of the pups were identified by the end of the 1st wk by examining the external genitalia. Only female subjects in both groups were included in the study. The number of subjects in each group that constituted the study population are listed in Table I .
Pups were allowed to be nursed ad libitum and weighed daily until they were weaned. Between 3-4 wk of age, when the pups were weaned, they were housed separately, and given rat food and water ud libitum. The body weight changes were recorded weekly. At 6, 10, and 12 wk of age rats were sacrificed for body composition study. Rats were anesthetized with ether and the abdominal muscle removed quickly, blotted, and chilled on an ice cold dish. In 49 of the 68 rats, the entire fat tissue surrounding the kidney, ovary, and Fallopian tubes were removed, blotted, and weighed. We called this peri-renal-ovarian-salpingeal fat. Muscle protein was determined by a method involving the binding of Coomasie Brilliant Blue G-250 to protein (1 3). Nucleic acids were extracted by a modified procedure of Fleck and Munro (14) . RNA was determined by the method used by Halliburton and Thomsom (1 5), and DNA was estimated by the method of Dische (16) .
At 4, 6, 10, and 12 wk of age, 80 rats were studied for glucose tolerance using oral glucose tolerance tests as described below. Rats were fasted for 15 h by removing the rat food, but allowing free access to water. The oral glucose tolerance tests were done without anesthesia. Basal fasting blood samples were obtained from the rat's tail. The glucose solution, 1 g/ml, in a dose of 3 g/kg of body weight was administered via a polyurethane catheter attached to a syringe. Blood samples were collected at time intervals of 0.5, 1, 2, and 3.5 h after the oral glucose loading. The plasma was analyzed for glucose as soon as possible and the remaining plasma was kept frozen at -80" C for insulin assay. Because of limited sample size, plasma insulin assay were not performed at 4-and 6-wk age groups. Plasma glucose was deter- * Numbcr in parentheses indicated the number of rats within the muscle comparison group that were used for peri-renal-ovarian-salpingeal fat measurements. mined using the glucose-oxidase method by means of Glucose Analyzer YSI 23A (Yellow Springs Inst. Co., Yellow Springs, OH). Plasma insulin levels were determined by radioimmunoassay method using a double antibody polyethylene glycol separation procedure (Serono Diagnostics, Braintree, MA).
Statistical analysis. Statistical significance for changes in weight with age and plasma glucose and insulin following glucose administration was analyzed by ANOVA and the significant main effect was identified by post hoc t tests. For intergroup differences in muscle composition and fat weight as well as oral glucose tolerance values, unpaired t tests were used with Fisher's exact test correction where appropriate. Figure 1 shows the significant increment weight of the study rats at weekly intervals during the first 12 wk. The macrosomic female rats were consistently heavier during the first 8 wk, averaging between 10-12% higher in their weights than the saline injected female control. At 9-12 wk of age, the differences were no longer observed. Figure 2 shows the weight gain velocity calculated by the formula of Pomerance (1 7) at weekly intervals; it shows that the changes in weight velocity in the first 12 wk did not differ between the two groups. Table 2 shows the cell composition of the abdominal muscle of control and macrosomic female rats at different age periods. At birth, the RNA content is higher in macrosomic rats, while at 6 wk, the DNA content was higher. At 10 and 12 wk, both RNA and DNA contents were similar in the two groups. The RNA/DNA ratios were similar between the two groups throughout the 12 wk. The protein content was higher in the macrosomic group at 6 wk, but less at 10 wk of age. Table 3 shows the peri-renal-ovarian-salpingeal fat weights in the two groups. At 6 wk, the macrosomic rats have significantly higher fat weights than control, both as absolute weights and as relative weight as expressed per unit body weight. At 10 and 12 wk of age the differences were no longer observed. Table 4 shows the results of the oral glucose tolerance test at 4, 6, 10, and 12 wk of age. Except for the ' /2 h result at 6 wk of age, in which the plasma glucose is significantly higher in the macrosomic group, the oral glucose tolerance results at 4 and 6 wk of age were similar between the two groups. At 10 and 12 wk of age, the plasma glucose values were significantly higher both at fasting and at '/2, 2, and 3.5 h following the oral glucose administration in the macrosomic rats. Because of the size of the animals, the plasma insulin determinations were not performed at 4 and 6 wk of age. At 10 wk of age there is a significant increase in the insulin values in both the control and macrosomic group, within the group, at 0.5 1, and 2 h after glucose adminstration, as shown in Table 5 . However, at 12 wk of age, only the macrosomic group showed a significant increase in the insulin level at 0.5, 1, and 2 h after glucose administration while the insulin increase in the control group was not significant statistically. Insulin values were also compared between the groups, i.e. control and macrosomic, for the hours we studied following glucose administration at 10 and 12 wk of age. The insulin values in the macrosomic group were consistently higher than the control group following the oral * Mean f SD. glucose challenge, although the statistical significance was observed only at 2 h in the 12-wk-old rats.
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DISCUSSION
The current study extended the observations of Catlin et al. (8) in regard to the persistence of macrosomia in female rats during the first 8 wk. The first 8 wk of rat's life is equivalent to young adulthood in humans. Therefore, the current study doc- umenting the persistence of accelerated growth in rats is consistent with human observations (6, 7) that show a high incidence of obesity during prepuberty and adolescent periods in those infants of the diabetic mother who were macrosomic at birth. In the human studies, multiple variables are likely to influence the growth pattern, so that a direct implication of birth status and the growth pattern in later childhood cannot be established. In the rat studies, we have controlled the nutritional status postnatally, and socioeconomic or demographic factors are not confounding variables; therefore, it is likely that the observation of accelerated growth during later childhood is a function of the birth size. We analyzed the nucieic acid content of the muscle as a means of assessing the cell composition with reference to the size and the number during growth. The choice of muscle as tissue for assessment of cell growth with reference to RNA and DNA as reflection of hypertrophy and hyperplasia respectively is based on two reasons: I) muscle is the major component of body mass and 2) because of the good correlations of RNA and DNA to cell proliferation and growth (1 8). While there are some changes in cell size and cell number, the RNA/DNA ratio is consistently similar between the two groups throughout the study period. While at some point, there is an increase in cell multiplication, this is compensated by a reduction in cell size and vice versa. Thus, the accelerated growth in female macrosomic rats during the first 8 wk is most likely to be a result of the increase in cell proliferation and hypertrophy in the major organ, such as muscle. The similarity in the growth velocity in the two groups is also consistent with the observation in the cell composition in that the accelerated growth is generally on the basis of the initial birth size rather than a spurt in growth in one group (the macrosomic group) over the other (the control). The lower protein content in the macrosomic group at 10 wk is of interest, but we cannot offer a logical explanation for it.
The higher fat weights in the macrosomic rat at 6 wk is of interest in that the increase in fat content may well account for the higher growth rate in this group. The lack of difference in the fat weight at 10 and 12 wk is also consistent with the fact that at this age period the body weight between the two groups were similar. This observation is particularly important with reference to our observations of glucose intolerance in the experimental group in that the high fat content may account for the increased metabolic activity in these tissues, which may lead to peripheral insulin resistance as has been observed in adult onset diabetes (19) . The increased insulin resistance in the peripheral $ ANOVA comparing changes of plasma insulin following oral glucose administration.
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tissue is evidenced by the presence of higher plasma glucose value in the face of a significant rise in plasma insulin concentration. The precise mechanism and ontogeny of the peripheral insulin resistance in the macrosomic subject is not clear and remains to be investigated. It is also of interest that the glucose intolerance develops only at 10 and 12 wk of age, at the point when there is no longer an observed difference in the body weight as well as fat pad weights. The mechanism for this observation is unclear. One can speculate that the factor(s) responsible for the abnormal glucose homeostasis observed in macrosomic rats at this age was in progress during the period of accelerated growth and became overtly apparent at a later age. The precise mechanism remains to be elucidated.
